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4H silicon carbide ~SiC! substrates were dry etched in an inductively coupled plasma ~ICP! system,
using SF6 /O2 gas mixtures. Etch rate and etch mechanisms have been investigated as a function of
oxygen concentration in the gas mixture, ICP chuck power, work pressure, and flow rate.
Corresponding to these etch conditions, surface information of the etched SiC has been obtained by
x-ray photoelectron spectroscopy measurements. The fact that no obvious Si–Si and Si–F bonds
were detected on the etched surface of SiC in all our etch experiments suggests efficient removal of
Si atoms as volatile products during the processes. However, various kinds of C–F bonds have been
detected on the etched SiC surface and the relative intensities of these bonds vary with the etch
conditions. In addition, the nature of the incorporated F atoms on the etched surface also depends
strongly on etch conditions, which was identified by the change of the relative ratio between
semi-ionic and covalent carbon fluorine bonds. The electrical behavior for different bond structures
on the etched SiC surface can be one of the basic reasons affecting related devices. © 2003
American Institute of Physics. @DOI: 10.1063/1.1534908#
I. INTRODUCTION
Silicon carbide ~SiC! has attracted considerable interest
as a very promising generation semiconductor material for
high-temperature, high-power, and high-frequency electronic
device applications,1 due to its unique properties such as
large band gap ~2.3–3.3 eV!, large breakdown field (2.5
3106 V/cm), excellent thermal conductivity @4.9 W/ ~cm
K!#, and saturated electron drift velocity (23107 cm/s), etc.
Because of its great hardness, high-wear resistivity, excellent
thermal conductivity, and chemical inertness, SiC also be-
comes an excellent candidate for microsensor and microac-
tuator applications in microelectromechanical systems
~MEMS!, especially in harsh environments. Due to the large
bond energies between Si and C and therefore great chemical
inertness, plasma-based dry etching is required as the only
practical way2 to deep etch SiC for the fabrication of MEMS.
In most of the dry etch techniques applied so far, inductively
coupled plasma ~ICP! becomes a very promising technique
because of high flux with lower-ion energy, which enables
the achievement of excellent anisotropy etch at a high-etch
rate for SiC even at relatively low-bias voltages.3,4 Although
SiC etch rates in an ICP system have been investigated, there
is still a lack of understanding of the etch mechanisms.
It is known that surface damage and contamination in-
duced during dry etch patterning of semiconductors can sig-
nificantly affect the properties of the material, subsequent
processing, and device performance.5,6 Therefore, in order to
obtain better understanding, prediction, and even control of
the properties and behavior of the fabricated devices, it is
essential to characterize and investigate the surface micro-
structure modifications caused by dry etch processes. Al-
though surface morphology of etched SiC has been
studied,7–9 there is lack of investigation on the etch products
on the surface of the etched SiC, especially the variation of
these etch products under different etch conditions. Further-
more, the study on the surface chemistry of the etched SiC
can also contribute to a better understanding of etch mecha-
nisms of SiC.
In this article, we report on our work on the etching
results of SiC using ICP in SF6 /O2 gas mixtures. Since the
surface microstructure of etched SiC is closely related to the
etch mechanisms, by analyzing the corresponding etch-
induced surface chemical bonding modifications from SiC
samples etched at different conditions, light has been shed
upon the etch mechanisms as well as the final conditions of
the etched SiC surfaces.
II. EXPERIMENT
The samples used were bulk 4H–SiC substrates from
Cree, Inc. which were n-type ~N doped! with carrier density
of ;1016 cm23. A silicon dioxide (SiO2) layer of ;6 mm
thick was firstly deposited on the cleaned SiC substrates us-
ing a plasma-enhanced chemical-vapor deposition system
and then the samples were masked with photolithography
patterned photoresist ~Megaposit SPR2-2FX 1.3!. A plas-
matherm PK2440 reactive ion etching system was then used
to etch the photoresist patterned SiO2 layer to expose the SiC
substrate. The remaining photoresist was then removed bya!Electronic mail: liudi.jiang@ee.ed.ac.uk
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acetone and isopropanol afterwards. The SiO2 patterned SiC
samples were etched in a Surface Technology Systems ~STS!
multiplex ICP system for 10 min at ICP coil power 1 kW. A
water cooling system has been applied to keep the chunk at
room temperature during etch processes. The other etch con-
ditions have been varied as stated separately. A Dektak
model 8000 surface profiler was used to measure the etch
depth after the oxide mask had been removed using hydrof-
luoric acid, rinsed by deionized water, and blown dry with
N2 gas.
Etched SiC samples were loaded in a ultrahigh vacuum
~UHV! x-ray photoelectron spectroscopy ~XPS! chamber as
soon as possible after the removal of oxide mask. All the
XPS analyses were performed on the etched SiC surface us-
ing a monochromatic Al Ka (hv51486.6 eV) x-ray source
operating at 15 kV. The base pressure of the XPS chamber
was ;2.931029 mbar and then increased to ;3
31028 mbar by letting in a small amount of argon gas and
then slightly deionized in order to prevent a possible charge
effect during the measurements. All the samples were
mounted on a metal stage using adhesive conductive carbon
tapes in order to provide a conductive connection between
the samples and the stage.
During the analysis of the XPS results, it was found that,
because our doped SiC samples have very low resistivity
~;0.3 V cm! and also with the assistance of the deionized
Ar1 ions in the chamber, there was only very small charge
effect observed. It was reported10 that the energy separation
between C 1s and Si 2p core levels in SiC depends only on
their chemical shifts and is independent of the Fermi-level
position at the surface. By analysing all our XPS results, it
was found that
DE5E~C1s !2E~Si2p !5182.360.2 eV
E(C1s) and E(Si2p) are the peak positions of C 1s and Si
2p core-level spectra. This agrees with the measured value
for SiC crystals.10 Also, all the peak positions of C 1s spectra
are at 282.560.3 eV which is considered further proof that C
1s spectra are dominated by the C component from SiC.
Therefore, we have aligned all the C 1s spectra with the
highest-peak position at 282.5 eV and other peaks have been
moved accordingly. The resulted binding energy of Si 2p for
all the samples is at 100.260.1 eV, which is a typical fin-
gerprint for the Si–C bond.11–13 All the XPS core-level spec-
tra have been analyzed by deconvolution after subtraction of
the background from the spectra by the linear mode and have
been fitted by Gaussian peaks.
III. RESULTS AND DISCUSSION
A. Typical surface chemistry induced by etch process
XPS measurements have been carried out on the original
unetched 4H–SiC substrates. Figures 1~a! and 1~b! show the
core-level spectra of both C 1s and Si 2p photoelectron peaks
of the original SiC substrate, respectively. The deconvoluted
Gaussian peaks are also shown in Fig. 1. The component
peak positioned at ;282.6 eV is ascribed to C–Si bonds.
The other two component peaks at ;284.5 and ;285.3 eV
are attributed to adventitious carbon and unsaturated carbon
with only H or C neighbors14 originating from contamination
because the substrates have been exposed in air. The Si 2p
peak is slightly asymmetric and can be decomposed into two
Gaussian peaks. The dominant component peak at
;100.3 eV is a fingerprint of the C–Si bond and the compo-
nent peak located at ;101.2 eV suggests the existence of
O–Si–C bond.11,15
Typical photoelectron spectra of an etched SiC sample
with Gaussian distribution fits to component peaks are
shown in Fig. 2. The C 1s peak is decomposed into six
Gaussian peaks. The main component at ;282.5 eV is from
C–Si bonds existing in the crystalline substrate. SiC can be
amorphized since the charge transfer from C to Si character-
ized by the Phillips ionicity f i50.18 is low enough.16,17
Also, it is reported18 that a physical sputtering effect leads to
the formation of a thin amorphous layer on the surface of
etched SiC. Therefore, in Fig. 2~a!, we attribute the C 1s
component at ;283.7 eV to the amorphous C–Si ~a-SiC!
form which was caused by inevitable physical sputtering dur-
ing the etch processes. The similar behavior can be supported
by the results of Smith and Black11 where a shift of the C 1s
binding energy ~BE! of crystalline SiC was observed after
sputtering. Also a decrease of C 1s BE from ;283.4 to
;282.6 eV during the crystallization of SiC material was
reported.12,19 Furthermore, as the most electronegative ele-
ment, F radicals in the etching plasma can react with C at-
oms from the bond breaking in SiC and have a marked effect
on the C 1s core-level BE, namely, leads C 1s peaks towards
high BE.20 As shown in Fig. 2~a!, the C 1s component at
;287.8, ;289.8, and ;292.4 eV are identified with C at-
FIG. 1. ~a! C 1s and ~b! Si 2p photoelectron spectra of original 4H–SiC
surface.
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oms bonded to one ~CF!, two (CF2), and three (CF3) F
atoms, respectively.20–23
Comparing Figs. 2~b! and 1~b!, we found that the etch
process did not affect very much either the shape or the
energy positions of Si 2p spectra. The absence of the Si 2p
component at ;99 eV ~Ref. 15! and the very weak broad
feature at higher energy ~101–104! eV ~Ref. 24! indicate that
there is little Si–Si and Si–F bonds on the etched surface,
respectively. This means that, during the etch process, most
of the Si atoms from the bond breaking in the SiC have been
efficiently removed by formation of volatile products such as
SiFx . 25,26 Because Si 2p spectra from all the etched SiC
surface are very similar and seem to be independent of the
etch conditions, they will not be presented in the following
sections.
Fluorine photoelectron spectrum has been detected in the
etched SiC sample, as shown in Fig. 2~c!. Bond breaking of
SiC during etching processes can induce sp2 hybridized
amorphous C atoms and their p electron systems. F radicals
in the plasma can react with these sp2 bonded C atoms and
play a role of electron acceptors in C–F bonds, involving the
corresponding p electron system from the C atoms. It is
known that,20 there are ionic, semi-ionic, and covalent C–F
bonds. In ionic-type intercalation C–F bonds, these p elec-
trons are strongly delocalized. The BE of intercalated F an-
ion varies from ;683 to ;685 eV.27,28 With the increase of
the F density, F atoms get closer to the C atoms. The local-
ization of the p electrons of the C atoms concerned increase
and the ionic character of C–F bonds decrease. Therefore,
semi-ionic-type C–F bond forms and corresponding BE of F
1s is from ;685.7 to ;686.6 eV. 27,28 When the degree of
localization of the p electrons of the C atoms concerned
increases strongly, semi-ionic C–F bond become a covalent
bond.29 The F 1s level is between ;687.4 and ;687.8 eV.28
By deconvoluting the F 1s spectra as shown in Fig. 2~c!, we
found that both semi-ionic (;685.8 eV) and covalent
~;687.56 eV! C–F bonds exist on the etched SiC surface.
The conductivity of fluorocarbon compounds is very much
related to the bonding nature between F and C with the co-
valent bond leading to a higher resistivity comparing with
semi-ionic and ionic bonds,20 the existence of different C–F
bonds can be one of the basic reasons affecting the properties
of related devices such as Schottky diodes.
In the following investigations, SiC substrates have been
etched at various etch conditions. Both etch mechanism and
the corresponding surface chemical bonding modifications
are investigated.
FIG. 2. Typical ~a! C 1s, ~b! Si 2p, and ~c! F 1s photoelectron spectra of an
etched SiC surface. (Chuck power5120 W, DC bias5510 V, SF6 flow rate
560 sccm, O2 flow rate56.6 sccm, and pressure55 mT).
FIG. 3. ~a! Etch rate and DC bias ~b! F/Si ratio vs O2 concentration in
SF6 /O2 gas mixture. ~Chuck power5120 W, SF6 flow rate560 sccm, and
pressure55 mT!.
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B. Influence of oxygen concentration in gas mixtures
Figure 3~a! shows both etch rate and resulted dc bias as
a function of O2 concentration in gas mixtures. It was found
that the peak etch rate is at 20% O2 . Although the O2 addi-
tion to SF6 plasma provides another pathway for volatilizing
C in the forms of CO, CO2 ~Refs. 30,31!, etc., which in-
creases the etch rate, it also produces SiO2 on the surface
which can prevent the etch process.26 Therefore, an optimum
concentration of 20% O2 in a SF6 /O2 gas mixture was ob-
tained due to this competition, as shown in Fig. 3~a!. This
result agrees with previous publications.26
The surface chemical compositions have been calculated
according to the XPS results. The sensitivity factors used for
C, Si, O, and F are 0.25, 0.27, 0.66, and 1, respectively.32
The relative ratio of F/Si versus O2 concentration is shown in
Fig. 3~b!. The relative concentration of F decreases with the
increase of O2 in the gas mixture. When there is more O2 in
the plasma, more C atoms were removed by volatile products
like CO, CO2 , etc. This leads to less concentration of C–F
groups which is proved in Fig. 4~a!, where the intensity of
the C 1s component from CF, CF2 , and CF3 groups becomes
weaker with the increase of O2 concentration. The decrease
of the F relative content in Fig. 3~b! can be explained by the
decrease of the C–F bonds with the increase of O2 in the gas
mixtures.
Figure 4~b! shows the F 1s spectra from the SiC etched
at different O2 concentrations. It is noticed that with the in-
crease of O2%, the dominant F 1s is changed gradually from
covalent to semi-ionic C–F bonds. After subtraction of the
background by the linear mode, all the F 1s spectra can be
fitted into two Gaussian component peaks which correspond
to semi-ionic (;685.8 eV) and covalent (;687.5 eV) C–F
bonds, respectively. By using the area intensity of the semi-
ionic (Isemi-ionic) and covalent (Icovalent) component peaks,
the relative intensity ratio (Isemi-ionic /Icovalent) versus O2%
has been calculated and is shown in the inset of Fig. 4~b!.
This result can be explained by Fig. 3~b!, where the relative
F concentration decreases with addition of O2 .
Because a maximum SiC etch rate was found at 20%
O2 , in the following etch experiments, all the SiC were
etched at conditions with 20% O2 in SF6 /O2 gas mixtures.
C. Influence of chuck power
As shown in Fig. 5~a!, in our ICP system, the resulted dc
bias increases with applied chuck power. The higher-dc bias
causes more efficient bond breaking in SiC and drives sur-
face chemical reaction more rapidly.26 Therefore, higher-etch
rates were achieved at higher-chuck powers.
F/Si relative ratio is calculated and shown in Fig. 5~b! as
a function of chuck power. With the increase of chuck power,
namely, with the increase of the dc bias, relatively more in-
corporated F is observed. Because higher-energy ion bom-
bardment caused by higher-DC voltages during dry etching
FIG. 4. ~a! C 1s and ~b! F 1s photoelectron spectra of SiC surface etched at
different O2 concentration in SF6 /O2 gas mixture. The inset shows
Isemi-ionic /Icovalent ratio in the F 1s spectra as a function of O2 concentration.
FIG. 5. ~a! Etch rate and DC bias and ~b! F/Si ratio vs applied chuck power.
(SF6 flow rate560 sccm, O2 flow rate515 sccm, and pressure55 mT).
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of SiC enhances the cross-linked bonds between F and C,22
Fig. 6~a! shows that the intensities of C–F bonds increase
with the applied chuck powers. This can be seen more
clearly from the intensity change of the CF2 bond. Also, the
CF3 bond is only observed in the sample etched at 180 W
chuck power, while it is not obvious in the other two samples
etched at lower-chuck powers. This indicates that, with the
increase of the incorporated F concentration, the formation
of C–F bonds is in the order of CF, CF2 , and CF3 , which is
in agreement with the results from Ronning et al.,21 where
the growth of fluorinated carbon films was studied.
F 1s spectra in Fig. 6~b! show clearly the decrease of
semi-ionic to covalent C–F bonds with an increase of the
applied chuck power and etch rate, corresponding to the in-
crease of the concentration of the incorporated F, as shown in
Fig. 5~b!. The same method as described in Sec. III B has
been used to calculate the relative intensity ratio
(Isemi-ionic /Icovalent) and the result is shown in the inset of Fig.
6~b!. Based on the difference in the electronic behavior be-
tween semi-ionic and covalent C–F bonds,20 the above ob-
servation suggests that, at higher etch rate, the etched SiC
surface becomes less conductive.
D. Influence of work pressure
The effects of work pressure are also investigated. The
chuck powers were kept constant during our pressure experi-
ments. Under the pressure regime investigated in our experi-
ments, because the mean free path and average lifetime of
ions are reduced at higher pressure, the ion content decreases
with the increase of working pressure which resulted in
higher-dc bias, as shown in Fig. 7~a!. Furthermore, at high
pressures, the mean free path of ions can be reduced to be
much shorter than the length of the sheath in the plasma.
This effect can reduce the directionality of the ions imping-
ing on the SiC samples, thereby reducing the etch rates at
higher-work pressures, as shown in Fig. 7~b!.
FIG. 6. ~a! C 1s and ~b! F 1s photoelectron spectra of SiC surface etched at
different chuck powers. The inset shows I semi-ionic /Icovalent ratio in the F 1s
spectra as a function of chuck power.
FIG. 7. ~a! DC bias, ~b! etch rate, ~c! F/Si ratio vs pressure at chuck power
of 80, 120, and 150 W, respectively. (SF6 flow rate540 sccm and O2 flow
rate510 sccm!.
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Figure 7~c! shows that the relative content of F also de-
creases with the pressure. This is because the lower-reactive
ion energies impinging on the SiC surface prevents the in-
sertion of the F ions into the network. However, there is no
very obvious change of the intensity of C–F groups with the
change of etch pressure, as shown in Fig. 8~a!. Again, the
relative intensity ratio (Isemi-ionic /Icovalent) was calculated as
described in Sec. III B, as shown in the inset of Fig. 8~b!. It
illustrates that the lower-F concentration at higher-work pres-
sure and lower-etch rate enhances the relative amount of
semi-ionic C–F bonds to covalent bonds.
E. Influence of flow rate
By applying different flow rates of SF6 and always keep-
ing 20% O2 accordingly in gas mixtures, SiC samples have
also been etched. It is shown in Figs. 9~a! and 9~b! that,
although the sample etched at a mixture of 40 sccm SF6 and
10 sccm O2 resulted in the relative lowest-dc bias, the
highest-etch rate is achieved. Because all these samples were
etched at the same pressure ~5 mT!, the densities of the re-
active species in the plasma is the same. However, different
flow rates can affect the residence time of the reactive radi-
cals on the being etched SiC surface and also the speed of the
removal of the volatile etch products. Higher-flow rate helps
to remove the volatile SFx and CFx etch products more rap-
idly. However, when the flow rate is higher than the optimum
value, the residence time of the reactive radicals becomes
shorter than the time scale inherent to reaction. Therefore, an
optimum flow rate is required to achieve better etch rate of
SiC.
The relative F concentration is shown in Fig. 9~c!. The
sample etched at a gas mixture of 40 sccm SF6 and 10 sccm
O2 has the greatest amount of incorporated F. Although there
is no obvious change on the C 1s spectra, after the intensity
ratio calculation as described in Sec. III B, the lowest
Isemi-ionic /Icovalent ratio in the F 1s core-level spectra can be
FIG. 8. ~a! C 1s and ~b! F 1s photoelectron spectra of SiC surface etched at
different pressure. ~Chuck power5120 W, SF6 flow rate540 sccm, and O2
flow rate510 sccm!.
FIG. 9. ~a! DC bias, ~b! etch rate, and ~c! F/Si ratio vs SF6 flow rate at chuck
power of 80 and 120 W, respectively. Note that 5, 10, and 15 sccm O2 were
used with 20, 40, and 60 sccm SF6 in the SF6 /O2 gas mixtures during etch.
~Pressure55 mT!.
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observed for SiC etched at a gas mixture of 40 sccm SF6 and
10 sccm O2 , as shown in Fig. 10~b!. Again, the etch condi-
tions that produce a higher-etch rate coincides with lower
Isemi-ionic /Icovalent ratio, implying that a higher-etch rate can
result in a less conductive SiC surface.
IV. CONCLUSIONS
We have etched 4H–SiC in inductively coupled SF6 /O2
plasma at various etch conditions and both the etch mecha-
nisms and surface chemistry have been systematically inves-
tigated. Information of etch-induced surface microstructure
modifications have been obtained by XPS measurements.
Due to the existence of reactive F ions in the plasma, C–F
bonds have been found on etched SiC surfaces. The Si 2p
spectra of all the etched samples were dominated by Si–C
bonds. The absence of Si–Si and Si–F bonds suggests that Si
atoms from bond breaking of SiC have been more suffi-
ciently removed than C atoms as volatile etch products.
It is found that in order to achieve a higher-etch rate of
SiC, the optimum O2% in the SF6 /O2 gas mixture and the
flow rate have to be applied during dry etch of SiC. Further-
more, increasing chuck power and decreasing work pressure
in the ICP system can also promote the etch processes.
Both C 1s and F 1s spectra from the etched SiC under
various etch conditions have been analyzed and studied. The
intensity of the components of C–F groups in the C 1s spec-
tra were enhanced with the decrease of O2% in the gas mix-
tures. With the increase of the incorporated F content, the
formation of C–F bonds follows the order of CF, CF2 , and
CF3 . During the studies of F 1s spectra, we found that, apart
from the results related to the influence of O2%, in most
cases, both the relative F concentration and the
Isemi-ionic /Icovalent ratio always follows the similar trend as
etch rates. Because covalent C–F bonds exhibit higher resis-
tivity than semi-ionic C–F bonds, this suggests that relative
higher-etch rates will result in relatively less conductive SiC
etched surfaces. Therefore, as important etch products on the
surface of the etched SiC materials, the nature and quantities
of the C–F bonds can probably very much affect and explain
the behavior of correspondingly fabricated devices such as
Schottky diodes.
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